ABSTRACT: Exploring the role of polymer structure for the internalization of biologically relevant cargo, specifically siRNA, is of critical importance to the development of improved delivery reagents. Herein, we report guanidinium-rich protein transduction domain mimics (PTDMs) based on a ring-opening metathesis polymerization scaffold containing tunable hydrophobic moieties that promote siRNA internalization. Structure− activity relationships using Jurkat T cells and HeLa cells were explored to determine how the length of the hydrophobic block and the hydrophobic side chain compositions of these PTDMs impacted siRNA internalization. To explore the hydrophobic block length, two different series of diblock copolymers were synthesized: one series with symmetric block lengths and one with asymmetric block lengths. At similar cationic block lengths, asymmetric and symmetric PTDMs promoted siRNA internalization in the same percentages of the cell population regardless of the hydrophobic block length; however, with 20 repeat units of cationic charge, the asymmetric block length had greater siRNA internalization, highlighting the nontrivial relationships between hydrophobicity and overall cationic charge. To further probe how the hydrophobic side chains impacted siRNA internalization, an additional series of asymmetric PTDMs was synthesized that featured a fixed hydrophobic block length of five repeat units that contained either dimethyl (dMe), methyl phenyl (MePh), or diphenyl (dPh) side chains and varied cationic block lengths. This series was further expanded to incorporate hydrophobic blocks consisting of diethyl (dEt), diisobutyl (diBu), and dicyclohexyl (dCy) based repeat units to better define the hydrophobic window for which our PTDMs had optimal activity. High-performance liquid chromatography retention times quantified the relative hydrophobicities of the noncationic building blocks. PTDMs containing the MePh, diBu, and dPh hydrophobic blocks were shown to have superior siRNA internalization capabilities compared to their more and less hydrophobic counterparts, demonstrating a critical window of relative hydrophobicity for optimal internalization. This better understanding of how hydrophobicity impacts PTDM-induced internalization efficiencies will help guide the development of future delivery reagents.
■ INTRODUCTION
Intracellular delivery of therapeutics, particularly siRNA, continues to be a challenge for the biomedical community. 1, 2 Transient gene knockdown plays an important role in the exploration of molecular pathways and in the development of more advanced treatment options; the field, however, needs a clearer understanding of how to efficiently and reliably deliver bioactive molecules across cellular membranes, particularly for primary human cells. 2−8 Nevertheless, nature is already capable of designing proteins that can perform these functions. 9−11 One example is HIV-1 TAT, which is partly responsible for the spread of the viral genome of HIV. 9, 10 This peptide contains a region referred to as a protein transduction domain (PTD), which enables the protein to enter cells. 12−14 These regions in proteins are generally cation-rich, containing lysine and arginine residues, which aid in cellular uptake. Structure−activity relationships (SARs) related to this protein, as well as others such as the Antennapedia homeodomain protein, led to the development of a field referred to as cell-penetrating peptides (CPPs), which are capable of delivering cargo including small molecules, siRNA, pDNA, and proteins into cells. 15−20 Three classical examples of CPPs include TAT49−57, Pep-1, and MPG, where TAT is an arginine-rich peptide based on the PTD of the HIV-1 TAT protein, and PEP-1 and MPG are lysine-rich, primary, amphipathic peptides. 13,14,20−24 Although extensive work has been devoted to exploring CPPs for siRNA delivery applications, 24 −27 the extension of design principles learned from these systems to the develop-ment of synthetic mimics, referred to as cell-penetrating peptide mimics (CPPMs) or protein transduction domain mimics (PTDMs), offers many distinct advantages.
28, 29 By breaking out of the synthetic confinement of amino acids, a wider range of chemistries can be used to manipulate key features of CPPs including hydrophobic segregation as well as cationic charge content. 28 This field of mimetic polymer chemistry has already demonstrated a range of polymer scaffolds for the development of siRNA delivery reagents 28, 30, 31 including those based on polyoxanorbornene, 28, 30, 32 polymethacrylamide, 33 arginine-grafted bioreducible polydisulfide, 34, 35 and oligocarbonate backbones. 36−38 Similar design principles were previously used for the creation of antimicrobial peptide mimics, where the facially amphiphilic structures of natural peptides were successfully recapitulated using highly modular synthetic scaffolds. 39−43 To realize the full potential of these PTDM materials and continue to improve internalization and delivery efficiencies, extensive SARs studies are necessary to elucidate key design parameters.
To this end, our research group has devoted an extensive amount of research into understanding how the structures of ring-opening metathesis polymerization (ROMP) based protein mimics influence their membrane interactions, 29 ,40,44−48 cellular uptake efficiencies, 29, 49 and siRNA delivery. 30, 32 We have demonstrated the utility of the platform for the successful internalization of siRNA and for the knockdown of active biological genes in T cells. 30, 32 Previous SARs established that there was a critical cationic block length required for efficient siRNA delivery, which, not surprisingly, showed some cell-type dependencies. 32 Additionally, the incorporation of a fixed-length, segregated, hydrophobic segment into the PTDM platform improved siRNA internalization efficiencies by six-fold compared to their homopolymer counterparts with the same relative cationic block lengths. 32 From our preliminary studies, a great deal was learned about the cationic block length; 32 however, further studies were needed to understand how the amount and type of hydrophobic content influenced siRNA internalization.
Many literature reports demonstrate that adding hydrophobicity, either through direct incorporation or through the use of bulky counterions, generally improves membrane interactions, cellular uptake, and delivery efficiencies of CPPs and their synthetic mimics. 30,32,37,47,48,50−56 Pep-1 and MPG, two common CPPs used for protein and siRNA delivery, respectively, have amphipathic structures where their hydrophobic components improve membrane interactions and internalization efficiencies. 23, 24 In light of these trends and the wide variety of hydrophobic groups available, it is important to understand how the length of the hydrophobic block within the PTDMs and the nature of the hydrophobic moiety impacts siRNA internalization. At the same time, the cationic block length particularly in relation to the corresponding hydrophobic block should not be overlooked as it also influences PTDM activity.
Structure−activity relationships using Jurkat T cells and HeLa cells were used to probe how the length and the nature of the hydrophobic block impacted siRNA internalization. To explore the length of the hydrophobic block, two series of diblock copolymers (n and m, where n is the hydrophobic block length and m is the cationic block length) with symmetric (n = m) or asymmetric (n ≠ m) block lengths were synthesized ( Figure 1) . In a separate series of PTDMs, the hydrophobic side chain was varied to probe how the relative hydrophobicity impacted siRNA internalization. After initial testing, this set of PTDMs was expanded strategically to incorporate additional hydrophobic side chains to more specifically understand how hydrophobicity influences internalization. Relative hydrophobicities of the hydrophobic building blocks were estimated using high-performance liquid chromatography (HPLC) retention times to guide the selection of structures used for analysis. Probing the effects of hydrophobicity on siRNA internalization efficiencies enabled us to better elucidate the essential design principles for our PTDMs.
■ EXPERIMENTAL SECTION
Monomer Synthesis and Characterization. Monomers were synthesized using a two-step process previously reported by our group. 32 In brief, oxanorbornene anhydride was ring-opened using the desired alcohol and 4-dimethylaminopyridine (DMAP) as a catalyst to yield the half-ester intermediates. The intermediates that formed precipitates were isolated using vacuum filtration, whereas those that did not were recrystallized from a mixture of chloroform/hexanes (3:1, v/v). The half-esters were then further reacted with a second desired alcohol using 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) coupling to yield the difunctional monomer. A one-pot synthesis was used for monomers designed to display two of the same functionalities. All monomers were purified using a CombiFlash system with ethyl acetate/dichloromethane (CH 2 Cl 2 ) (1:9, v/v) as the eluent subsequently analyzed by 1 H NMR spectroscopy, 13 C NMR spectroscopy, and mass spectrometry (MS) to assess their chemical compositions and purity. Detailed synthetic procedures and all characterization data are provided in the Supporting Information.
PTDM Synthesis and Characterization. All block copolymer PTDMs were synthesized by ROMP using Grubbs' third generation catalyst following previously described methods. 32 In brief, the monomers and catalyst were dissolved separately in CH 2 Cl 2 and degassed using freeze−pump−thaw methods. To initiate the polymerization, the hydrophobic monomer was first cannulated into the catalyst solution followed by the Boc-protected guanidinium monomer. The cationic monomer was polymerized in protected form to prevent premature termination of polymerizations due to catalyst coordination and to allow for sufficient solubility in organic solvents. Polymers were quenched with ethyl vinyl ether, precipitated, and subsequently deprotected using a 1:1 ratio of CH 2 Cl 2 /trifluoroacetic acid (TFA). Excess TFA was removed by azeotropic distillation with methanol, and polymers were then dialyzed against reverse osmosis (RO) water using dialysis membranes with a molecular weight cutoff (MWCO) of 100−500 g/mol until the water conductivity was <0.2 μS. All polymers were characterized by 1 H NMR and gel permeation chromatography (GPC) to assess chemical compositions and molecular weight distributions, respectively. Detailed synthetic procedures and all characterization data are provided in the Supporting Information.
Jurkat T Cell Culture and FITC-siRNA Internalization. Jurkat T cells were cultured in RPMI 1640 supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL of nonessential amino acids, 100 U/ mL of sodium pyruvate, 100 U/mL of penicillin, and 100 U/mL of streptomycin. These cells were incubated at 37°C with 5% CO 2 and passaged 24 h prior to experimentation. On the day of the experiment, PTDMs and siRNA were mixed at an N/P ratio of 8:1 (50 nM siRNA/well) and incubated for 30 min at room temperature prior to adding them dropwise to the cells (4 × 10 5 cells/well; 1 mL total volume) in a 12-well plate. Cells were incubated at 37°C with 5% CO 2 in serum-containing media for 4 h prior to analysis by flow cytometry. Cell viability was assessed using 7-AAD staining.
HeLa Cell Culture and FITC-siRNA Internalization. HeLa cells were cultured in DMEM supplemented with 10% (v/v) FBS, 100 U/ mL of nonessential amino acids, 100 U/mL of sodium pyruvate, 100 U/mL of penicillin, and 100 U/mL of streptomycin. For these experiments, cells (5 × 10 4 cells/well; 1 mL total volume) were cultured in 12-well plates using serum-containing media for 48 h. This led to cell populations that were 70−90% confluent on the day of the experiment. On the day of the experiment, PTDMs were and siRNA were mixed at an N/P ratio of 4:1 (50 nM siRNA/well) and incubated for 30 min at room temperature. The cell media was replaced with fresh, complete media prior to careful addition of the PTDM/siRNA complexes to the top of the sample wells. Cells were incubated at 37°C with 5% CO 2 for 4 h in serum-containing media prior to analysis by flow cytometry. Cell viability was assessed using 7-AAD staining.
HPLC Assessment of Hydrophobicity. HPLC experiments were performed using an HP 5890 HPLC system equipped with a photodiode array detector using an Agilent Zorbax SB-C 8 , 80 Å, 4.6 × 150 mm 2 ID (5 μm) column. Samples were eluted using a linear gradient of 100% water with 0.1% TFA to 100% acetonitrile with 0.1% TFA over 60 min at a flow rate of 1 mL/min, and they were detected using a wavelength of 215 nm. HPLC retention times (RTs) were compared as a means to assess relative hydrophobicity, with more hydrophobic monomers eluting at higher RTs. These methods were previously reported in the literature.
57−59
■ RESULTS AND DISCUSSION Initial PTDM Design and Characterization. In this report, we document the use of ROMP for the synthesis of block copolymer (BCP) PTDMs with varying hydrophobic block lengths. ROMP is a facile polymerization method that is functional group tolerant and allows for good control over molecular weights and dispersities. 60−67 In addition, we continue to exploit the versatile, dual-functional oxanorbornene-based monomer platform as a means to tailor the overall polymer properties 29, 30, 32, 44, [47] [48] [49] 68, 69 in this case with a focus on the hydrophobic block length and side chain structure. The monomers and corresponding polymers for this study are summarized in Figure 1 . The guanidinium-rich monomer (dG), shown in its Boc-protected form and meant to mimic arginine residues, was used as the cationic component of the BCP PTDMs. This selection was made based on previous literature that demonstrates the superior performance of guanidinium moieties over their ammonium counterparts, which are reminiscent of lysine and ornithine residues. 70 The three initial hydrophobic monomers were designed to contain either two methyl substituents (dimethyl, dMe), one methyl and one phenyl substituent (methyl phenyl, MePh), or two phenyl substituents (diphenyl, dPh) ( Figure 1A ) and were selected because HPLC retention times indicated that they spanned a range of hydrophobicities. The phenyl-based hydrophobic groups have also demonstrated useful activities in prior studies. 30, 32, 44, 47 MePh, which has traditionally been selected by our group as the hydrophobic component of PTDMs for siRNA delivery, was used to synthesize BCPs with symmetric (n = m = 5, 10, 20, or 40) or asymmetric (n ≠ m, with n being fixed at five for all polymers in the series and m = 10, 20, or 40) block sizes. This allowed us to explore how the length of the hydrophobic block impacts internalization at a given cationic charge length.
In addition, asymmetric BCPs containing a fixed block length (n = 5) of all three hydrophobic monomers and a cationic charge block of 5, 10, or 20 dG units were synthesized as a way to further probe the relationship between the hydrophobic side chain and the length of the charged block for siRNA internalization. Previous work in this area documented the effect that the cationic charge block length and the addition of a hydrophobic block had on siRNA internalization and delivery. 32 In that study, BCP PTDMs significantly outperformed their homopolymer counterparts, recapitulating the importance of an added hydrophobic component. 32 The current study builds further from these initial findings to explore how the quantity and type of hydrophobic repeat units used impact siRNA internalization.
FITC-siRNA Internalization: Symmetric versus Asymmetric. Initially, both the symmetric and asymmetric MePh n -bdG m BCP PTDMs were studied. A total of seven PTDMs were designed; four contained equal hydrophobic and cationic block lengths (symmetric, n = m = 5, 10, 20, and 40), and three asymmetric (n ≠ m) ones contained a fixed hydrophobic block length (n = 5) but cationic charge blocks of 10, 20, and 40 repeat units. Fluorescein isothiocyanate (FITC) labeled siRNA (FITC-siRNA) was used to establish trends in siRNA internalization for both series in Jurkat T cellsand HeLa cells using complete media. In this report, only FITC-labeled siRNA was used since we previously demonstrated the internalization relationship for our PTDMs between FITC-siRNA in Jurkats and siRNA for NOTCH1 in human peripheral blood mononuclear cells (PBMCs). 32 The N/P ratios for these experiments, which are the ratios of the number of positively charged guanidinium groups in the PTDMs to the number of negatively charged phosphate atoms in the FITC-siRNA, were set at 8/1 for Jurkat T cells and 4/1 for HeLa cells and were previously optimized by our group. 32 The selection of these N/ P ratios was further supported by gel retardation assays, which demonstrated that all PTDMs fully bound siRNA at N/P ratios of 4/1 or greater (Figures S17−S27) .
A summary of FITC-siRNA internalization for these four symmetric and three asymmetric PTDMs is shown in Figure 2 , where Figure 2 , panels A and B present the percentage of the cell population with internalized FITC-siRNA, and Figure 2 , panels C and D present the median fluorescence intensity (MFI) of the cell populations.
All PTDM-treated cells showed greater than 85% viability using 7-AAD staining ( Figures S32 and S38 ). For both cell types, symmetric and asymmetric PTDMs containing the same cationic block length were able to facilitate siRNA internalization in the same percentages of the cell populations ( Figure  2A,B) regardless of the different hydrophobic block lengths.
When looking at the MFI data, PTDMs with 5, 10, and 40 cationic repeat units lead to similar internalization amounts regardless of the hydrophobic block length; however, for PTDMs with 20 cationic repeat units, the asymmetric PTDM MePh 5 -b-dG 20 significantly outperformed its symmetric counterpart ( Figure 2C,D) . For both cell types, samples using MePh 5 -b-dG 20 had double the fluorescence intensity of samples using MePh 20 -b-dG 20 . These results demonstrate that the relationship between hydrophobicity and cationic block length is not always trivial and that increasing the hydrophobic block length further does not guarantee superior performance. 37 In addition, these results suggest that understanding the interplay between hydrophobic and cationic block lengths as illustrated by MePh 5 -b-dG 20 is necessary for optimal internalization.
FITC-siRNA Internalization: Varying the Hydrophobic Block Side Chains. To further probe the relationship between hydrophobic side chain and cationic block length, PTDMs with a fixed hydrophobic block length of five repeat units of either low (dMe), moderate (MePh), or high hydrophobicity (dPh) were prepared and studied. The relative hydrophobicities of these monomers were determined using HPLC and can be found in Table 1 . The given retention times were 14.2, 27.8, Figure 2 , the hydrophobic block length was held constant (n = 5), while the cationic block length was varied (m = 5, 10, 20). In addition, on the basis of results from the previous section, BCPs with m = 40 were not studied due to insufficient internalization regardless of hydrophobic content. This generated a total of nine PTDMs. FITC-siRNA was again used to establish trends in siRNA internalization in Jurkat T cells and HeLa cells using the same protocols as previously described.
A summary of FITC-siRNA internalization for the PTDMs with variable hydrophobic side chains is shown in Figure 3 , where Figure 3 , panels A and B present the percentage of the cell population with internalized FITC-siRNA, and Figure 3 , panels C and D present the MFIs of the cell populations. All PTDM-treated cells showed greater than 85% viability using 7-AAD staining (Figures S33 and S39 ).
For both cell types, MePh-and dPh-containing PTDMs with the same cationic block length were able to facilitate siRNA internalization to the same percentages of the cell populations; however, in all cases, the dMe-containing PTDMs facilitate siRNA delivery to a significantly smaller percentage of the population, particularly at the lower cationic block lengths. This percentage increased from 20% (dMe 5 -b-dG 5 ) to 80% (dMe 5 -b-dG 20 ), which supports the idea that cationic charge blocks larger than five (up to 20) improve FITC-siRNA internalization. In addition, for Jurkat T cells, the MFIs for the samples that used MePh-and dPh-containing PTDMs were not statistically different from each other but were significantly higher when compared to samples that used the dMecontaining PTDMs. Specifically, samples that used MePh 5 -bdG 10 and dPh 5 -b-dG 10 had four-times the fluorescence intensity of samples that used dMe 5 -b-dG 10 , and at higher cationic block lengths, samples that used MePh 5 -b-dG 20 and dPh 5 -b-dG 20 had double the fluorescence intensity of samples that used dMe 5 -b-dG 20 . This observed trend was similar for HeLa cells when samples that used the MePh 5 -b-dG m series were compared to samples that used the dMe 5 -b-dG m series, with samples that used the MePh-containing PTDMs having roughly double the fluorescence intensity regardless of the cationic block length. Taken together, these data suggest that there may be a minimum hydrophobic threshold necessary for better siRNA internalization, but there also seems to be a limit to which increasing the hydrophobicity improves siRNA internalization (see red circles in Figure S42 ).
Expanding the Hydrophobic Monomer Set. To better understand the required hydrophobicity for optimal internalization and to gain more insight regarding the tunability of the hydrophobic domain, several additional PTDMs were designed. To target the appropriate PTDMs, a series of hydrophobic monomers was synthesized and analyzed using HPLC to assess their relative hydrophobicities (Table 1, Figure S1 ). Additionally, log P values were calculated using MarvinSketch (ChemAxon Ltd.). 71 Monomers with longer retention times required more organic component in the mobile phase to be eluted and are considered to be more hydrophobic. A plot of HPLC RT as it relates to log P value can be found in the Supporting Information ( Figure S41 ). The linear relationship between HPLC RT and log P value supports the use of HPLC RTs as a viable, experimental method for assessing relative monomer hydrophobicity. 57−59 It also allows more confidence with calculated log P values for this monomer class going forward. The monomer names in Table 1 reflect the substituents used for the monomer R groups, R 1 and R 2 , which can either be the same or different. The wide variety of hydrophobic monomers synthesized in Table 1 also highlight the versatility of the diester monomer platform. 69 The original hydrophobic monomers used for this study, dMe, MePh, and dPh, had HPLC RTs of 14.2, 27.8, and 36.1 min, respectively. From the 11 monomers in Table 1 , three new candidates were selected based on their measured hydrophobicities: dEt falls in the hydrophobic region between dMe and MePh; diBu has similar hydrophobicity to MePh and dPh; and dCy is the most hydrophobic of the 11 monomers. These three new monomers and their corresponding polymers are summarized in Figure 4 .
Because of the high siRNA internalization facilitated by MePh 5 -b-dG 20 in Jurkat T cells, these three additional polymers were synthesized with the same cationic (m = 20) and hydrophobic (n = 5) block lengths. Zeta potential and size data were also collected for all six PTDM/siRNA complexes used for these studies to ensure trends observed were due to PTDM composition and not due to surface charge and size effects. The zeta potential data are shown in Figure 5 .
These data demonstrate that there is no difference in zeta potential for all of the complexes tested. In addition, the size distributions are similar to no trends between update efficiency and size or size distribution. Although some samples appear to be clearly bimodal while others are monomodal, there is no correlation to internalization. For example, the three best polymers (MePh 5 -b-dG 20 , dPh 5 -b-dG 20 , diBu 5 -b-dG 20 ) show one very bimodal and two mainly monomodal distributions, while the less active PTDMs include two bimodal and one monomodal distribution. Taken together, it appears that any trends observed in our data are more likely related to PTDM composition and not to zeta potential or size.
A summary of the FITC-siRNA internalization data in Jurkat T cells can be found in the Supporting Information ( Figure  S38 ), while the MFI values for these PTDMs, plotted as a function of the monomers' HPLC RTs, are shown in Figure 6 . This shows the initial three PTDMs (dMe 5 From the initial studies, there appeared to be a hydrophobic threshold for optimal internalization (dMe MFI < MePh MFI ≈ dPh MFI ) shown by the green dashed line near RT = 24 min. The new dEt-containing PTDM appears to support this hypothesis given that it facilitates similar amounts of FITCsiRNA internalization compared to the dMe-containing PTDM despite being more hydrophobic. Increasing the monomer hydrophobicity with diBu-containing PTDMs beyond the "threshold value" yields siRNA internalization values similar to MePh-and dPh-containing PTDMs; however, a further increase in the monomer hydrophobicity to dCy yields a PTDM with decreased FITC-siRNA internalization. This would suggest a window of optimal hydrophobicity from RTs of 27.8 to 36.1 min when using these PTDMs for siRNA internalization. Furthermore, polymers that fall within this critical hydrophobic window are composed of PTDMs with both aromatic and nonaromatic side chains, which suggest that overall hydrophobicity may be more important than monomer side chain structure. 47, 48 ■ CONCLUSIONS Understanding the structural components of carrier molecules necessary for siRNA internalization is critical for the development of better delivery reagents. In efforts to better determine appropriate design principles for our ROMP-based PTDMs, several new PTDMs were designed to understand how the length and relative hydrophobicity of the noncharged block as well as the length of the charged block had on FITC-siRNA internalization efficiencies in Jurkat T cells and HeLa cells. Initially, a set of symmetric (n = m) and asymmetric (n ≠ m, with n being fixed at five for all polymers in the series) BCP PTDMs was tested with varied cationic block lengths (m = 5, 10, 20, or 40). At fixed cationic block lengths, the percentage of the cell population receiving FITC-siRNA remained the same regardless of the hydrophobic block length; however, the samples that used asymmetric MePh 5 -b-dG 20 had twice the fluorescence intensity of samples that used MePh 20 -b-dG 20 , demonstrating the complex relationship between hydrophobic and cationic block lengths. In a separate series of polymers, the hydrophobic block length was held constant at five repeat units, but the hydrophobic component was varied from dMe-, to MePh-, to dPh-based repeat units, which represented a range of hydrophobicities. In this series, the dMe-based PTDMs exhibited diminished internalization in comparison to their more hydrophobic counterparts (MePh-and dPh-based PTDMs). This suggested that there was a minimum hydrophobicity required for improved internalization. HPLC retention times were used to assess the relative hydrophobicity of new monomers and to select several for the design and preparation of additional PTDMs, (dEt 5 -b-dG 20 , diBu 5 -b-dG 20 , and dCy 5 -b-dG 20 ) to more fully explore this optimal hydrophobic window. An approximately 10 min retention time window between 27 and 37 (or log P values of 1.78 and 3.50) was shown to yield optimal PTDM siRNA internalization. Below this threshold, PTDMs lack sufficient hydrophobicity to promote optimal internalization, and the PTDM above this hydrophobicity also showed diminished internalization capabilities. Overall, optimization of PTDM hydrophobicity led to a better understanding of the structural components necessary for siRNA internalization, which will be used in the future to guide the development of superior delivery reagents.
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